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Abstract. We investigate from first principles the optical response of finite-length armchair-edged graphene
nanoribbons (AGNRs) within the framework of many-body perturbation theory. As a result of the explicit
inclusion of zigzag extremities, we identify low-energy and low-intensity excitations that are expected to be
almost independent of the GNR length. These excitations coexist with bulk-like excitations, which have the
same origin as the ones characterizing infinite AGNRs. Our results are used to rationalize termini effects
on the optical response of GNRs and to shed light on recent photoluminescence data.

1 Introduction
Owing to the predicted width- and chirality-dependent
tunable bandgaps [1–3], as well as to their peculiar optical response [2,4–6], graphene nanoribbons (GNRs) have
attracted increasing attention in the last decade as a
viable route for the implementation of graphene-based
electronic and opto-electronic devices. More recently, the
successful production of ultranarrow and structurally welldefined GNRs by means of bottom-up techniques [7,8]
has further boosted this research line. Not only the most
studied armchair (A-) [9] and zigzag (Z-) [10] GNRs have
been produced, but also GNRs with more complex edge
morphology [9,11] and functionalization [12–14], where
the realization of a fine-tuning of the GNR properties
is demonstrated by on-purpose design of their molecular
building blocks.
For these atomically precise nanostructures, sizeable electronic bandgaps have been reported [13,15–20],
together with important achievements towards the realization of seamless heterojunctions [21,22] and field-effect
transistor (FET) configurations [23,24]. In addition, their
optical response has been demonstrated to be dominated by pronounced excitonic effects [25,26]. Biexciton
formation has been shown to play a key role in the highexcitation regime [27], and huge trion binding energies
?
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have been reported from theoretical modelling [28]. The
characterization of GNR absorbance reflects the tunability of the bandgap, with the optical onset ranging
from near IR to the visible, while varying the specific
GNR atomic structure [13,25,26,29,30]. Their luminescence properties, of key importance for applications in
light-emitting devices, are instead less deeply understood,
with different results depending on both GNR structure and external conditions [31–35]. In particular, recent
STM-induced light emission experiments [35] on individual 7-AGNRs reveal sharp, below-bandgap luminescence,
pointing to the key role of the states localized at the GNRzigzag termini. On the contrary, ensemble measurements
for the same systems on quartz show weak and featureless
emission spectra [34], which are attributed to the presence
of dark states.
Indeed, the absorption properties of GNRs have been
modelled so far by using truly infinite systems, and successfully compared with experiments [13,25–27]. However,
finite-length effects may become relevant when considering the emission process, as demonstrated in reference [35].
Here, we investigate the optical properties of the pristine
7-AGNR in gas-phase by focusing on the effects arising
for the presence of zigzag-termined ends. We model the
system by considering a 2-nm-long 7-AGNR (see Fig. 1,
bottom), and its optical spectrum is simulated by means of
ab initio calculations within the GW plus Bethe–Salpeter
equation (BSE) framework. Our results indicate that the
linear optical response is characterized by low-energy excitations involving localized states at the GNR termini, as
well as by bulk excitations, which arise from transitions
between states delocalized along the GNR. Recent experimental observations are finally discussed in the light of
our findings.
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Fig. 1. Ball-and-stick model of an infinite 7-AGNR (top,
periodic unit cell is highlighted by the blue box) and a finitelength (7,10)-AGNR (bottom). Width (Na ) and length (Nz )
parameters are indicated in blue and red, respectively.

2 Computational methods
Simulations of the ground-state structural and electronic
properties of finite-length 7-AGNR were performed using
a first-principles supercell implementation of density functional theory (DFT) based on plane waves and pseudopotentials, as available in the Quantum ESPRESSO package [36,37]. The local spin-density approximation (LSDA,
Perdew–Zunger parametrization [38]) was adopted for the
exchange correlation potential, together with norm conserving pseudopotentials, with a 80-Ry energy cutoff on
the wavefunctions. The supercell size was set to be at
least twice the length and width of the studied ribbons,
while the distance between the ribbon planes was set to
at least 12 Å, in order to prevent interaction between
periodic replicas (note that the supercell size was chosen
already at the DFT level to comply with the constraints
for box-shaped truncation of the Coulomb potential – see
below). Atomic positions were fully relaxed until forces
were smaller than 0.026 eV/Å.
The optical absorption properties were subsequently
computed within the framework of many-body perturbation theory [39], according to the GW-BSE approach.
Quasiparticle corrections to the Kohn–Sham eigenvalues
were calculated within the G0 W0 approximation for the
self-energy operator, where the dynamic dielectric function was obtained within the plasmon-pole approximation [40]. The Coulomb potential was hereafter truncated
by using a box-shaped cutoff to remove the long-range
interaction between periodic images and simulate isolated
systems. The sum-over-states in the calculation of polarizability operator (self-energy) was truncated at 1200 bands,
respectively, with the usage of Bruneval–Gonze terminator
approach [41]; a cutoff of 3 Ry was employed to represent
the response function.
The gas-phase optical absorption spectra were then
computed as the imaginary part of the macroscopic dielectric function starting from the solution of BS equation in
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Fig. 2. Density of states (DOS) of (7,10)-AGNR according to the DFT–LSDA description (left), together with a
few representative molecular orbitals around the Fermi level
(right).

order to take into account electron–hole (e–h) interaction.
The static screening in the direct term was calculated
within the random-phase approximation, by including
1200 bands in the sum-over-states and 3 Ry for the reciprocal space representation of the polarizability operator.
The optical absorption spectra were calculated including
30 valence bands and 20 conduction bands, together with
the application of Tamm–Dancoff approximation. Note
that full spin-polarization is considered for the description of both ground- and excited-state properties in order
to capture the antiferromagnetic ordering found for these
systems [42,43]. Both GW and BSE calculations were
performed with the yambo code [44].

3 Results
Figure 1 shows the comparison between infinite (top)
and finite-length AGNR (bottom) geometries. Following
the standard nomenclature [43], finite-length AGNRs are
labelled according to both their width and length parameters, i.e. (Na , Nz )-AGNRs, where Na is the number of
dimeric lines across their width, as for infinite GNRs,
and Nz is the number of zigzag lines along their length.
Here we focus on a (7,10)-AGNR with fully monohydrogenated edges, which is less than 1-nm wide and about
2-nm long. Similar short AGNRs have been recently synthesized on Au(111) by bottom-up approaches [43], and
STS investigations of their electronic properties indicate
the cohexistence of bulk-like states, delocalized along the
GNR and Tamm-like states localized at the zigzag ends,
as also predicted by theoretical modelling [42].
In Figure 2 (left-hand side) we report the DFT–LSDA
density of states (DOS) for the (7,10)-AGNR. Indeed, the
two zigzag termini are antiferromagnetically coupled, and
each of them gives rise to a pair of spin–split, localized
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between bulk states, starting from about 4.7 eV. The
inclusion of excitonic effects (black curve) alters significantly both energies and shape of the spectrum, as also
found for infinite 7-AGNRs [25]. The spectrum is indeed
significantly redshifted, with an exciton binding energy
for the lowest-energy A peak of 1.60 eV. More in detail,
the two lowest energy excitations (at 0.64 and 0.77 eV)
are mainly given by a dark and an optically active (A
peak) combination of the EZZ transition; the high-energy
features giving rise to the B/B 0 and C peaks derive
instead from the linear combination of EAZ,n and EAA,n
transitions, respectively.

4 Discussion and conclusions
Fig. 3. Left: GW-corrected energy level scheme of (7,10)AGNR. Tamm states are displayed in red, while bulk-like states
are in blue. Right: Optical absorption spectrum of (7,10)AGNR. The independent particle spectrum is in grey (shaded
area), whereas the spectrum including e–h interaction at the
BSE level is reported in black.

states (red molecular orbitals on the right-hand side of
Fig. 2) that lie in the gap formed by the bulk delocalized orbitals (in blue), in agreement with experimental
observations and previous theoretical findings [42,43].
Similar results have been also reported for GNRs with
extended zigzag edges, which present an antiferromagnetic
ground state with the last valence and the first conduction (doubly degenerate) bands localized at the zigzag
edges [45,46].
For the case of (7,10)-AGNR, the DFT-LSDA energy
gap between occupied and empty doubly degenerate
Tamm states, i.e. ∆ZZ , is about 0.28 eV, while the energy
separation of bulk states, i.e. ∆AA , is larger than 2 eV. The
inclusion of quasiparticle corrections, as resulting from
G0 W0 calculations (see Sect. 2), brings ∆ZZ to a value
of 2.37 eV, i.e. more than eight times larger than the
DFT–LSDA one (see Fig. 3). These corrections are significantly larger than for extended Z-GNRs [4], where GW
gaps exceed by about three times the DFT–LSDA ones
(e.g. from 0.3 to 1.0 eV for the 10-Z-GNR). This is due
to the additional confinement of the Tamm states along
the zigzag direction, as also suggested in reference [43].
Our results are in overall good agreement with previous
GW calculations for different (7,Nz )-AGNRs [43], and we
have checked that quantitative differences have to be completely attributed to the different starting point for G0 W0
calculations, i.e. LDA vs. PBE.
The G0 W0 -corrected energy levels (Fig. 3, left-hand
side) and the DFT–LSDA wave functions are the ingredients for the calculation of optical absorption of the
system, which is depicted in Figure 3 (right-hand side).
The independent-particle spectrum (grey area) is characterized by three main types of features: the EZZ peak at
2.37 eV, corresponding to the transition between Tamm
states (in red); the EAZ,n series of transitions from occupied bulk (Tamm) states to Tamm (bulk) empty states,
starting from about 3.4 eV; the EAA,n series of transitions

Let us now compare the above results for finite AGNRs
with the optical response of extended Z- and AGNRs. It
is worth noting that excitations similar to the ones contributing to the A and B peaks (i.e. arising from EZZ
and EAZ,n transitions, respectively) constitute the main
optical features of extended Z-GNRs [5], even though
with a much larger exciton binding energy here (1.7 vs.
0.7 eV) in view of the additional confinement along the
zigzag direction. Moreover, we find here the C peak, arising from the linear combination of transitions between
bulk states, is the finite size analogous to the main excitations characterizing infinite 7-AGNRs. Again quantum
confinement along the armchair (length) direction plays
a key role. In fact, the energy position of the C peak
(about 3 eV) is much higher than that of its analogous
in infinite 7-AGNRs (about 2 eV) [25]. Previous calculations [35,47] not including the spin polarization have
shown that the energy position of bulk-like excitations
tends to that of infinite AGNRs only for lengths wellabove 3 nm, i.e. exceeding significantly the exciton Bohr
radius of the lowest bulk excitations. For such lengths, we
also expect the intensity of the A and B peaks to become
less prominent or negligible in view of the reduced overlap
between the single-particle states; their energy position
should instead vary very little, in view of the localized
nature of the single-particle transitions participating in
their composition. Previous calculations and STS measurements indicate that the quasiparticle gap between
Tamm states is indeed independent of the GNR length
already for Nz = 10 [43].
The above considerations can also give us some insight
on the available experimental findings. Concerning optical
absorption, the agreement between experimental observation and theoretical modelling for infinite systems is very
good for 7-AGNRs [25], and there are no reports of low
energy features below 2 eV as those reported here (A
and B peaks). This is reasonable in view of the typical
length of GNRs (on the order of 20 nm or longer [15]):
in these cases the intensity of low-energy peaks involving Tamm states is expected to be strongly suppressed by
the small overlap, as discussed above. While calculations
in this regime are prohibitive, it would be interesting to
have optical measurements on short 7-AGNRs as those
reported in reference [43] in order to possibly probe these
low-energy excitations involving Tamm states in a range
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where the overlap between single-particle states is still
substantial.
At variance with absorption, light emission for the
same systems has not been fully understood yet. Recently,
below-bandgap, bright emission at about 1.2 eV has been
observed for individual 7-AGNRs lifted between a STM
tip and a Au substrate [35], and the key role of Tamm
states localized at the zigzag termini has been pointed
out by comparison with ab initio theoretical modelling.
In this case the lowest energy peak (A) arising from transitions between Tamm states is not expected to be seen,
since the contact with gold STM tip is found to wash out
the magnetic character of the excitations, thus closing the
∆ZZ gap; EAZ,n transitions remain instead active, and the
emission features – observed experimentally, thanks to the
tip enhancement – have been indeed attributed to transitions between Tamm and bulk states (i.e. the equivalent
of B peak here).
At variance with the above cited measurements on individual GNRs [35], ensemble measurements on 7-AGNRs
transferred on quartz display weak and featureless emission [34], and the low-quantum yield is attributed to
the presence of a dark state below the first bright one
for the Na = 3p + 1 family of AGNRs, as predicted for
Na = 10 [2,4]. However, for Na = 7 this optically inactive
state results to be 50 meV above the first bright [6,25].
Hence, according to theoretical predictions for infinite
systems, the 7-AGNRs should display bright emission at
about 2 eV. The present results, which include explicitly the zigzag termini, show instead the appearance of
several below-bandgap excitations, which are expected to
have negligible optical activity for long GNRs, as discussed above, and could be at the origin of the weak
emission spectra reported in reference [34]. Our results can
thus help reconciling the different experimental observations published so far on 7-AGNRs, fully elucidating their
origin.
In conclusion, we have investigated the linear optical response of short 7-AGNRs by means of ab initio
many-body perturbation-theory-based techniques, including both electron–electron and electron–hole interactions.
We find three types of excitations, that is, excitons
localized at the zigzag termini, excitons mixing transitions between bulk and Tamm states, and fully bulk-like
excitations, similar to those found for extended GNRs.
The properties of these excitations are analyzed in comparison to those of the excitations characterizing the
extended Z- and AGNRs and used to gain further insights
into the most recent experimental observations, clarifying the key role of Tamm states localized at the
zigzag termini in determining the optical properties of
AGNRs.
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et al., Phys. Rev. Lett. 108, 216801 (2012)
17. Y.C. Chen, D.G. de Oteyza, Z. Pedramrazi, C. Chen, F.R.
Fischer, M.F. Crommie, ACS Nano 7, 6123 (2013)
18. A. Kimouche, M.M. Ervasti, R. Drost, S. Halonen,
A. Harju, P.M. Joensuu, J. Sainio, P. Liljeroth, Nat.
Commun. 6, 10177 (2015)
19. H. Zhang, H. Lin, K. Sun, L. Chen, Y. Zagranyarski,
N. Aghdassi, S. Duhm, Q. Li, D. Zhong, Y. Li, et al., J.
Am. Chem. Soc. 137, 4022 (2015)
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